The highly anisotropic and qualitatively different nature of the in-and out-of-plane charge dynamics in high-T c cuprates cannot be accommodated within the conventional Boltzmann transport theory. The and ρ c (T) data showed systematic trends with changing hole concentration. We have discussed important features of the analysis in detail in this paper.
Introduction
Superconductivity in hole doped cuprates poses an outstanding problem for the scientific community. After almost three decades of its discovery a number of unsolved puzzles exist and a proper understanding of the normal and superconducting (SC) ground states of these strongly correlated electronic systems remains elusive till date [1 -3] . In high-T c cuprates, non-Fermi liquid charge transport in the normal state and other anomalous physical properties have provided with many challenging issues and have stimulated significant interest [4 -7] . One of the key questions to be answered is that why the out-of-plane resistivity differs so much from the in-plane resistivity in the normal state. The resistivity anisotropy ratio, ρ c /ρ p , shows a temperature dependent behavior that begs explanation. In the underdoped (UD) region, below certain characteristic temperature, ρ c (T) is "semiconductor" like (dρ c /dT < 0), in contrast to the in-plane resistivity, ρ p (T), which is metallic (dρ p /dT > 0). This marked difference between ρ c (T) and ρ p (T) is not what one might expect within the conventional Fermi-liquid theory [6] . Such different temperature dependence and very large (~ 10 5 in Bi2212 at certain doping) value of the resistivity anisotropy have stimulated vigorous theoretical and experimental investigations on the in-plane and interlayer charge dynamics of high-T c cuprates and their possible link with superconductivity itself [6, 8 -10] . However, a complete, empirically relevant, and unified description of the ab-plane and c-axis charge transport in hole doped cuprates is still lacking.
Experimental studies reveal that the generic features of the temperature and hole content dependences of resistivity are qualitatively identical in all the families of hole doped cuprates, even though structural and electronic anisotropies vary over a large range. Therefore, it is reasonable to assume that the dominant electronic correlations present in all hole doped curates, irrespective of the structural or other finer electronic details (e.g., strength of spin-charge stripe correlations [11, 12] ) are also responsible for the non-Fermi-liquid behavior temperature dependent resistivity and its evolution with number of added holes, p, in the copper oxide planes. Besides superconductivity at high T c itself, the pseudogap (PG) correlation in the normal state is the single most robust characteristic of all hole doped cuprates.
Various physical properties including the resistive features of cuprates are dominated by the PG, especially in the UD regime [13, 14] . Any formalism aimed to explain the T and p dependent resistivity must take into consideration of the full impact of the p-dependency of the PG in quasiparticle (QP) energy density of states (EDOS).
A number of theoretical study have been carried out to model the in-and out-of-plane dc charge transport of hole doped cuprates [15 -20] . Theoretical approaches vary from conventional Fermi-liquid, nonconventional, phenomenological, to outright exotic. It is fair to say that these models have limited success. One major drawback of most of these models is that the theoretical framework used to describe the doping and temperature dependent resistivity does not hold when wider bodies of other experimental facts are considered.
In a previous study [21] , we have modeled the c-axis resistivity of some bi-layer cuprates by taking into account of the effect of PG on the interlayer charge transport. In this study we wish to extend the model for in-plane charge transport. We show that the essential difference between in-and out-ofplane charge transport lies within the way in which the PG affects in-and out-of-plane charge dynamics.
Our proposed model also yields mutually consistent set of values for the characteristic energy scales for the PG from the analysis of in-and out-of-plane resistivity data,
The paper is organized as follows. In section 2, we describe the outline of the proposed model. 
Phenomenological model
As mentioned in the previous section, T-linear resistivity and the ubiquitous effect of PG in the quasiparticle on the charge transport are the two generic features present in all hole doped cuprates.
Strange T-linear resistivity calls for an unconventional approach and quantum criticality seems to be the most plausible answer, especially when its potential to induce Cooper pairing at high temperature in systems with strong electronic correlations is considered [22] . From critical scaling, it follows that the thermal equilibrium time, Γ qcp , at a QCP is given by [22, 23] = (1) where h is the Planck's constant, k B is the Boltzmann's constant and C is a dimensionless universal parameter depending on dimensionality of the system. The most intriguing feature of Eqn. 1 is that this characteristic time depends only on temperature; no other characteristic energy scale (e.g., Fermi energy, exchange energy etc.) relevant to the Fermi-liquid description of the system appears in this expression.
The transport properties are drastically affected by the presence of quantum criticality. Because the values of various transport coefficients depend on the same process that establish local thermal equilibrium inside the system under consideration.
At high-T above the QCP, thermal timescale is much shorter than the quantum timescale, the physical properties at finite temperatures are, therefore, seriously influenced by the presence of the QCP at a particular value of the non-thermal parameter (say, g = g c , where g c is the critical value of the nonthermal parameter). The system in this regime cannot be simply described by the ground state wave function at g. In this quantum critical regime, the temperature dependence of the physical quantities often exhibits a striking deviation from conventional Fermi-liquid behavior. As temperature becomes the only relevant energy scale; the scattering rate is given by the inverse of Eqn. 1, and the resistivity becomes completely linear in this region of the T-p phase diagram. This T-linearity should affect both in-and outof plane normal state resistivities of cuprates in the same qualitative way.
In general the dc electrical resistivity of a metal is expressed via the Drude formula given by = * (2) where m* is the carrier effective mass, n is the carrier concentration, e being the charge of the carrier and τ is the relaxation time. For ordinary Fermi-liquids the temperature dependence of ρ arises from the temperature dependent scattering rate, 1/τ. PG effects the in-plane resistivity by reducing the carrier scattering rate [24] . The link between the PG in the QP EDOS and the scattering rate can be established using the time-dependent perturbation theory. Using Fermi's golden rule for transition probability, we get
where N( ) is the EDOS of the Fermi level and H ′ is the scattering Hamiltonian, i and f denote the initial and final states of the scattered charge carrier. At finite temperatures the scattering rate will, in fact, be determined by the thermally averaged EDOS at the Fermi-level, < ( ) > . To explain a number of diverse physical properties of different families of high-T c cuprates, < ( ) > has been modeled quite successfully using the following expression [25] < ( ) > = 1 − ln cosh (4) where N0 is the flat EDOS outside the PG region and ε g is the characteristic PG energy scale expressed in temperature. Thus, considering the effects of QCP and PG, the in-plane resistivity of hole doped cuprates is dominated by two terms, the first one, due to quantum criticality, has the form
and the second one proportional to the depleted EDOS due to PG is
where α p is a constant, depending on hole content, measuring the strength of hole scattering and β p is an weight factor taking into account of the effect of the overall momentum dependence of < ( ) > and the scattering matrix elements on in-plane resistivity. Thus the total in-plane resistivity can be expressed as
which on rearrangement becomes As mentioned before, the out-of-plane resistivity has been modeled within the same phenomenology before [21] . For the sake of completeness we give the expression for ρ c (T) below
. Here t c is the c-axis tunneling matrix element and N 0 is the flat EDOS at high energies outside the PG region. These two parameters are expected to be p-dependent, whereas A is a constant independent of doping [26] . Eqn. 9 incorporates the essential features of a t-J model calculation by Prelovsek et al., [20] where inter-plane tunneling has been invoked to describe c-axis conductivity of cuprates. It should be noted no explicit term for residual resistivity appears in Eqn. 9. Parameter  c takes into account of the residual resistivity through the tunneling matrix element. Details regarding the modeling of c-axis resistivity can be found in Ref. [21] .
Experimental samples and analysis of the resistivity data
High-quality Y123 single crystals were synthesized using the self-flux method in ultra-pure BaZrO 3 crucibles. Whereas the 6% Ca doped Y 0.94 Ca 0.06 Ba 2 Cu 3 O 7-δ single crystals were grown using commercial YSZ crucibles with high-purity chemicals. Details of sample preparation, characterization, and measurements of in-and out-of-plane dc resistivities can be found elsewhere [21, 27] . Hole contents were varied by annealing the crystals in different temperatures with different oxygen environments [21, 27] . The lower temperature limit has been selected such that the resistivity data are not affected by significant SC fluctuations (in other words, significant paraconductive contributions) [28 -31] . The extracted fitting parameters are shown in Tables 1 and 2 . The characteristic PG energy scales (expressed in temperature, T * ) and the superconducting transition temperatures are plotted against hole content in Fig. 4 . T c values were located at the zero resistivity point in this study.
Discussion and conclusions
In At this point we wish to address an issue regarding the residual resistivity of the samples under study. The difference between a p and b p gives ρ 0p , the in-plane residual resistivity. From Table 1 , it can be seen that the residual resistivity is negative for all the compounds. The magnitude of this unphysical negative residual resistivity increases with underdoping. We believe, it is a consequence of the presence of a PG in the QP energy spectrum. As PG induces a downturn in the in-plane resistivity, any fit incorporating this effect will yield a negative residual resistivity when extrapolated to zero temperature. This is an interesting proposition and worth further attention. Note that for moderately to deeply overdoped cuprates the resistivity becomes superlinear. For such compounds the residual resistivity is always positive [34, 38] .
We have confined our analysis for samples with hole content lying within the range from p = 0.120 -0.185 for specific reasons. For deeply UD compounds, the in-plane resistivity develops an upturn at low-T [39] , visually similar to the high-T upturn seen in the out-of-plane resistivity. This "localization" effect has not been incorporated within the formalism used in this study. Besides, sample related issues prohibits raising the hole content in Y123 above p ~ 0.18; there are reasons to believe the PG vanishes abruptly at p ~ 0.19, where the QCP may be located. As mentioned earlier, the proposed model is based on two assumptions -(i) T-linearity due to an underlying QCP and (ii) deviation from T-linearity due to a PG. Only the range of hole contents where these two assumptions may hold unambiguously have been used for data analysis.
The extrapolated value of extracted ε g (p) goes to zero at p ~ 0.195 (Fig. 4) , quite close to the critical doping as found by a diverse body of experiments on different families of cuprates [13, 25, 28, 34, 37, 38] . Such behavior indicates that PG is not directly related to SC pairing correlations.
Within the proposed scenario, the resistivity anisotropy arises primarily due to the different The existence of PG, though poorly understood, is firmly established on experimental grounds.
The same cannot be said about the QCP. One of the key point is that there is no clear thermodynamic sign of a QCP related phase transition, as one crosses the ε g (p) (or T * (p)) line. Nevertheless, certain versions of orbital current order scenario admit the presence of a QCP without any observable singularity in the specific heat [40] . Within the d-density wave (DDW) scenario, proposals have been made where disorder washes out the thermodynamic signature of the QCP and time reversal symmetry remains the only one that a DDW order can possibly break [41] .
In conclusion, we have proposed a minimalistic phenomenological model to describe the doping and temperature evolution of the in-and out-of-plane resistivity for hole doped superconducting cuprates.
This simple model provides with a unified scheme to explain the apparently different behavior of ρ p (T) and ρ c (T) over a wide range of sample compositions. The proposed model fits the experimental data quite well and the extracted PG energy scale is in very good agreement with earlier findings. 
